1. Introduction {#sec0005}
===============

Dyslexia is a neurodevelopmental disorder affecting 3--7% of school-age children, that is characterized by a specific difficulty in reading acquisition not solely accounted for by mental age, visual acuity problems, or inadequate schooling ([@bib0385]). Neuroimaging research has revealed that children and adults with dyslexia showed anomalies in the frontal, temporoparietal and occipitotemporal regions of the left-hemisphere ([@bib0095]; [@bib0190]; [@bib0245]; [@bib0280]). In a recent meta-analysis of 28 functional neuroimaging studies, researchers reported both overlap and differences in dyslexic brain activations between deep and shallow orthographies, suggesting that the dyslexic brain shows both biological unity and orthographic specificity ([@bib0180]).

In the past decade, diffusion tensor imaging (DTI) studies have suggested that there is a decrease of fractional anisotropy (FA) in the left temporoparietal and inferior frontal regions in children and adults with dyslexia ([@bib0040]; [@bib0080]; [@bib0140]; [@bib0150]; [@bib0210]; [@bib0215]; [@bib0275]; [@bib0285]; [@bib0335]; [@bib0350]). Less is known, however, about the anatomical white matter tracts that are exactly underlying these regions. Considering the most consistent temporoparietal region, for example, some researchers attribute the disruption to the anterior-posterior segment of the arcuate fasciculus ([@bib0105]; [@bib0150]; [@bib0200]), while others attribute it to the corona radiata with an inferior--superior orientation ([@bib0025]; [@bib0210]), and yet others to the corpus callosum ([@bib0035]). In a meta-analysis of DTI studies that used a voxel-based approach, researchers reported a well-replicated cluster in the left temporoparietal region (x  = −29, y  = −17, z = 26) ([@bib0360]). However, a more recent meta-analysis reported no reliable FA difference between children and adults with dyslexia and controls ([@bib0195], in press). Both meta-analyses relied exclusively on voxel-based studies, which have important limitations. Temporoparietal tracts are notoriously difficult to disentangle using voxel-based analysis (VBA). DTI tractography offers the possibility to reliably reconstruct the major fiber tracts in native space ([@bib0050]). It respects inter-individual variability and helps avoiding the problems brought by normalization and reference systems usually encountered in the VBA-approach ([@bib0135]; [@bib0270]; [@bib0310]). Since this approach typically involves manual or semi-automatic segmentation, it is time-consuming and requires a priori anatomical hypotheses. Until now, only a few studies explored white matter anomalies in children and adults with dyslexia using fiber tractography methods ([@bib0350], [@bib0355]; [@bib0405]; [@bib0425]). These studies suggest that tracts in both the dorsal (AF and/or SLF) and ventral (IFOF and ILF) pathways are the main candidate neuroanatomical markers for dyslexia. More specifically, findings of reduced FA in the left AF (dorsal pathway, phonology related) are the most consistent across dyslexia studies ([@bib0040]; [@bib0080]; [@bib0150]; [@bib0285]; [@bib0335]; [@bib0350]). In contrast, findings of reduced FA in the left IFOF/ILF (ventral pathway, semantic/orthography related) are relatively scarce ([@bib0335]; [@bib0355]) and have not been replicated in some studies (e.g. [@bib0350]; [@bib0425]). Thus, the most consistent deficit in children and adults with dyslexia in alphabetic languages seems to be in the left dorsal pathway. The correlation between AF integrity and phonological skill is also consistent with the important role of the phonological deficit in dyslexia in alphabetic languages ([@bib0365]). As an ideographic language, the division of labor between phonology and semantics in Chinese reading is more equitable ([@bib0400]; [@bib0430]). This may suggest that not only the phonology-related dorsal pathway but also the semantic/orthography-related ventral pathway is important in Chinese reading. Thus, in the present study, we investigated both dorsal and ventral pathways in Chinese children with dyslexia.

What are the cognitive deficits underlain by the disrupted fibertracts? Reading is built on spoken language ([@bib0230]) and consists of a series of complex cognitive processes, from decoding visual (orthographic) to auditory (phonological) information and to accessing conceptual (semantic) representations (e.g. [@bib0095]; [@bib0190]; [@bib0260]). According to the dual route theory of reading, word reading can be achieved through two discrete routes: the grapho-phonological or indirect route for regular or novel words that transforms visual words into their auditory counterparts via grapheme-to-phoneme correspondences; the lexicosemantic or direct route for exception or frequent words that corresponds to a direct association between the visual form of the word and its meaning ([@bib0070]). Accordingly, researchers proposed that reading recruits two distinct neural routes in the left hemisphere: a dorsal phonological route and a ventral orthographic route ([@bib0130]; [@bib0305]). DTI studies have suggested that this functional dissociation is instantiated by the dorsal and ventral white matter pathways. The left AF in the dorsal route was found to be associated with phonological processing ([@bib0300]; [@bib0350]; [@bib0410]), while the left IFOF and ILF in the ventral pathway have been found to be important for orthographic processing ([@bib0085]; [@bib0350]; [@bib0425]). Alternatively, other studies have suggested a semantic ([@bib0075]; [@bib0115]) and phonological ([@bib0355]; [@bib0380]) involvement of the left IFOF. Therefore, it remains unclear whether the ventral pathway is a purely orthographic processing route or whether it also participates in other cognitive processes.

All these findings were obtained in alphabetic languages. It remains a highly debated issue to what extent the neural basis of dyslexia differs across different languages and cultures ([@bib0235]; [@bib0240]; [@bib0325]; [@bib0440]). As is well established, Chinese is a logographic language that differs from alphabetic languages in visual-orthographic and semantic properties ([@bib0315]). Firstly, Chinese writing is reputed for its visual complexity (constituted by strokes with different shapes and directions) and orthographic complexity (position and composition rules for different radicals) ([@bib0065]; [@bib0315]). Visual-orthographic skills have been found to be particularly important for reading development and dyslexia in Chinese children ([@bib0120]; [@bib0170]). Secondly, morphology in Chinese differs from many other languages ([@bib0220]). Morphemes are the smallest unit of meaning. In Mandarin Chinese, there are about 7,000 morphemes, but only 1,300 syllables ([@bib0060]). Thus, more than five morphemes or characters share the same syllable, which results in a large number of homophones and homographs ([@bib0220]). A reader must be able to distinguish between the homophones and homographs that share the same syllable, but with different morphemes/meanings. Morphological awareness becomes increasingly important in reading development as children grow older ([@bib0320]). As mentioned above, previous studies on the IFOF and ILF in the ventral pathway have emphasized their role in orthographic processing and in semantic processing, but the evidence remains limited and ambiguous. No direct evidence is available on whether the integrity of the left ventral pathway is associated with orthographic and semantic processing skills in children with dyslexia.

In summary, although white matter disruptions in dyslexia have been found in alphabetic writing systems, it remains unclear whether Chinese children with dyslexia would show a similar disruption pattern. In the current study, by using state-of-the-art white matter tractography methods in each child's native space, we examined for the first time white matter microstructure in a group of Chinese children with dyslexia and their age-matched controls. The first aim of this study was to systematically examine the differences between Chinese children with and without dyslexia in the key white matter pathways, specifically in the dorsal (AF) and ventral (IFOF and ILF) pathways. Furthermore, we aimed to investigate the associations between the disrupted tracts and the reading-related cognitive skills, including phonological, orthographic and morphological processing skills. Based on previous studies in alphabetic languages (e.g. [@bib0350]) and the complex properties of Chinese language (e.g. [@bib0315]), we expected that Chinese children with dyslexia might show disruptions in both the left AF in the dorsal pathway (similar with alphabetic languages), and the left IFOF/ILF in the ventral pathway (more specific to Chinese). Furthermore, we hoped to clarify the respective functional roles of the dorsal and ventral pathways: FA values along the dorsal pathway might be particularly correlated with phonological processing skills (similar with alphabetic languages), while FA values along the ventral pathway might be more correlated with orthographic and morphological processing skills (more specific to Chinese).

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

40 Chinese children participated in this study. There were 18 children with dyslexia (11 boys and 7 girls) and 22 control children (11 boys and 11 girls) with a mean age of 11.1 years old. [Table 1](#tbl0005){ref-type="table"} shows that the two groups were well matched in sex (*χ^2^*(1) = 0.482, *p* = 0.537), age, and nonverbal IQ (*ps*\>0.05). All the children were recruited from primary schools in Beijing. Their nonverbal IQ was in the normal range (C-WISC overall performance IQ score ≥ 80; [@bib0110]). All participants were native Mandarin speakers and had normal or corrected-to-normal visual acuity. Informed written consent was obtained from both the parents and their children. Ethical approval for the present study was obtained from the Institutional Review Board of Beijing Normal University Imaging Center for Brain Research.Table 1Descriptive statistics for control children and children with dyslexia.Table 1Control(n = 22)Dyslexia(n = 18)*t*(11F, 11M)(7F, 11M)MeanS.D.MeanS.D.Age133.6610.89133.2911.420.107Grade4.950.954.830.920.406Performance-IQ104.9510.01100.067.401.712Verbal-IQ105.629.4897.729.232.625\*Character recognition118.9118.9192.5012.405.090\*\*\*Word list reading92.4820.0865.8112.684.888\*\*\*Phoneme deletion19.645.2914.006.642.990\*\*Rapid automatized naming16.803.9020.595.26−2.615\*Digit recall17.762.5316.221.992.088\*Lexical decision0.900.060.840.072.805\*\*Morphological production23.774.1318.673.224.286\*\*\*[^1]

The inclusion criteria for children with dyslexia was to be more than 1.5 SDs below grade level on a standardized test of Chinese character reading, or more than 1.5 SDs below grade level on a standardized test of word list reading and more than 1 SDs below grade level on Chinese character reading. This criterion was previously established in studies in mainland China ([@bib0320]; [@bib0415]). The inclusion criterion for control children was to be above -0.5 SD of the norm on both Chinese character reading and word list reading tasks.

2.2. Behavioral measures {#sec0020}
------------------------

### 2.2.1. General reading ability {#sec0025}

#### 2.2.1.1. Character recognition {#sec0030}

This task was based on one hundred and fifty Chinese single characters. Characters were arranged in decreasing frequency and increasing difficulty ([@bib0170]). The experimenter required the children to name the characters as accurately as possible with no time limit. The measure was terminated when the participants failed on 15 successive characters. This measure of character recognition ability is widely used to represent Chinese children's reading accuracy ([@bib0170]; [@bib0185]; [@bib0225]).

#### 2.2.1.2. Word list reading {#sec0035}

The word list reading task consisted of one hundred and eighty 2-character words. All of the words were printed on a sheet of A4 paper in a 9 (column) x 20 (row) matrix ([@bib0415]). The children's task was to name the words as quickly and accurately as possible. The final score of the task was the number of words read correctly per minute. The word list reading task is viewed as a valid task of Chinese children's reading fluency ([@bib0415]).

### 2.2.2. Phonological processing skill {#sec0040}

Following a long line of research since [@bib0370], we chose to measure phonological processing through its three classic subcomponents: phonological awareness, verbal short-term memory and rapid automatized naming, using tasks similar to those used in alphabetic languages.

#### 2.2.2.1. Phoneme deletion {#sec0045}

In the phoneme deletion test, participants were required to delete a target phoneme from a monosyllabic character (e.g. 'Say /gua1/ without the phoneme /g/'). The target phoneme was the first, middle, or final phoneme of the character. There were twenty-six items in total and the final score was the number of correct items ([@bib0395]).

#### 2.2.2.2. Rapid automatized naming {#sec0050}

In the rapid automatized naming task (RAN), the experimenter presented the participants with an A4 paper consisting of 5 (column) x 5 (row) digits. The child was asked to name the digits twice as quickly and accurately as possible ([@bib0320]). The final score was the mean time of the two tests. This task has been widely used in previous Chinese studies ([@bib0165]; [@bib0225]).

#### 2.2.2.3. Digit recall {#sec0055}

In this digit recall task, the experimenter orally presented a series of digit sequences to the children. Participants were required to repeat the digits after the presentation of the experimenter. The test was terminated if the child failed to repeat five consecutive digit sequences. The final score was the correct number of the sequences. This task is used to measure children's verbal short-term memory ([@bib0390]).

### 2.2.3. Orthographic processing skill {#sec0060}

#### 2.2.3.1. Lexical decision {#sec0065}

In this task, the experimenter presented the children with two hundred characters (forty real characters, forty non-characters with ill-formed radicals, forty non-characters with real radicals in illegal positions, forty stroke combinations and forty filler items). The children's task was to judge whether the stimulus presented to them was a real character or not ([@bib0340]). The accuracy was recorded as the final score of this task. This task has been used to measure children's orthographic processing skill in previous studies ([@bib0340]; [@bib0435]).

### 2.2.4. Morphological processing skill {#sec0070}

#### 2.2.4.1. Morphological production {#sec0075}

In this task, children were orally presented with a target morpheme in a 2-morpheme word (e.g. the target morpheme /cao3/ meaning grass from /cao3 di4/ meaning grass land) ([@bib0320]). Children's task was to produce 2 new words including the target morpheme. It was required for the target morpheme to have, in one word, the same meaning as in the initial word (e.g. /ye3 cao3/ meaning wild grass, /cao3/ meaning grass), and in the other word, a different meaning from that in the initial word (e.g. /liao2 cao3/ meaning hasty and careless, /cao3/ meaning careless). This morphological production task has been successfully used in previous studies ([@bib0320]; [@bib0330]).

2.3. Diffusion weighted imaging, acquisition and analysis {#sec0080}
---------------------------------------------------------

A 3 T MRI scanner (Siemens Trio, Germany) with a 12-channel head coil was used to acquire the diffusion-weighted images (DWI) of all the participants at Beijing Normal University. A single-shot spin-echo echo-planar imaging sequence was applied to collect the DWI data (coverage of the whole brain; TR = 8000 ms; TE  = 89 ms; acquisition matrix = 128 × 128; field of view = 282 × 282 mm^2^; slice thickness = 2.2 mm with no gap). The diffusion sensitizing gradients were applied along 30 non-collinear directions with a b-value of 1000 s/mm^2^ and one image with a b-value of 0 s/mm^2^. The resolution was 2.2 × 2.2 × 2.2 mm^3^. In order to improve signal-to-noise ratio, we repeated the DWI sequence twice.

The processing of the raw diffusion-weighted data was performed using the software ExploreDTI (<http://www.exploredti.com>), including registration of the raw DWI images and correction for participant motion and geometrical distortions ([@bib0160]). Then the Levenberg--Marquardt nonlinear regression was applied to fit the tensor model to the data ([@bib0175]). Based on the eigenvalues of the diffusion tensor, fractional anisotropy (FA), a scalar value representing the degree of diffusion anisotropy, was computed ([@bib0020]). After that, an interpolated streamline algorithm was used to perform whole-brain tractography (step length = 0.5 mm, maximum angle threshold = 35°). Voxels with an FA below the threshold value of 0.2 were excluded from the tractography. This initial analysis yields whole-brain tractography independently from regions-of-interest. Finally, the diffusion tensor maps and tractography data were imported into the TrackVis software tool (<http://www.trackvis.org>; [@bib0375]).

Tract dissections were performed in each child's native space using a region-of-interest (ROI) approach. [Fig. 1](#fig0005){ref-type="fig"} displays our tracts of interest. The protocol for defining the ROIs for each fiber tract has been described in detail in previous tractography studies ([@bib0045], [@bib0055]; [@bib0050]): the three segments of AF (AF-anterior, AF-posterior, AF-direct) were dissected following [@bib0055], the IFOF following [@bib0050], and the ILF following [@bib0050]. Like in previous studies ([@bib0290]; [@bib0425]), we automated some steps of tract dissection in order to minimize the subjective variability associated with manual dissection. We defined ROIs on the MNI152 template (provided by FSL, <http://www.fmrib.ox.ac>[.uk/fsl/](http://.uk/fsl/){#intr0020}). The FA map of each child was registered to the MNI152 template using Advanced Normalization Tools combining affine with diffeomorphic deformations (ANTs, http://www.picsl.upenn.edu/ANTS/; [@bib0015]; [@bib0145]). Then the inverse deformation was used to bring the ROIs defined on the MNI152 template to the native space of each participant. Each dissected tract was visually inspected to determine whether it had been successfully reconstructed. In that case, it was then further corrected in the native space of each child. All visual inspections and corrections were carried out by two anatomists (MS and AC) under the supervision of expert anatomist MTS.Fig. 1Illustration of the tracts of interest.Note: This figure was produced from a representative participant (sagittal view in the left hemisphere). Different tracts are displayed in different colors: green = arcuate fasciculus-anterior (AF-anterior), yellow = arcuate fasciculus-posterior (AF-posterior), red = arcuate fasciculus-direct (AF-direct), blue = inferior frontal occipital fasciculus (IFOF), orange = inferior longitudinal fasciculus (ILF).Fig. 1

Finally, mean fractional anisotropy (FA), perpendicular (radial diffusivity, RD), and parallel diffusivities (axial diffusivity, AD), which are indirect measures of white matter microstructural properties, were extracted along each tract.

2.4. Statistical analysis {#sec0085}
-------------------------

Statistical analysis was performed in SPSS Statistics v.20 (IBM Corporation, Somers, New York). Firstly, demographic and behavioral differences between groups were tested through independent-samples t-tests. Secondly, in order to test group differences in the FA of each tract between children with and without dyslexia, ANCOVAs were performed with FA as dependent variable, diagnosis and sex as between-subject factors, and age, whole brain mean FA and head motion parameter as covariates. The head motion parameter was calculated by averaging the absolute values of z-scores of the six head motion parameters (3 translation and 3 rotation directions) ([@bib0425]). The statistically significant results were then interpreted by analyzing the other two diffusivity measures (AD, RD) with the same ANCOVAs. Thirdly, partial correlation analyses were performed between the FA of the tracts showing group differences and each child's reading performance, controlling for age, sex, whole brain mean FA and head motion parameter. Finally, hierarchical linear regression models were used with FA of each tract as dependent variable, and cognitive skills as independent variables, controlling for age, sex, whole brain mean FA and head motion parameter in the first step, and diagnosis in the second step. As there were three measures of phonological skill (phoneme deletion, RAN and digit recall), we made a composite variable for phonological skill by averaging the z-scores of the three tasks. Results were corrected for multiple comparisons of tracts using the False Discovery Rate (FDR) correction ([@bib0030]). In the Results section, we report uncorrected *p*-values and then compare them to the FDR-corrected alpha threshold *q* value.

3. Results {#sec0090}
==========

3.1. Demographic and behavioral results {#sec0095}
---------------------------------------

Demographic and behavioral characteristics are reported in [Table 1](#tbl0005){ref-type="table"}. K-S test for normality showed that all the variables were normally distributed (*ps*\>0.05). No differences were found in sex, age, grade and nonverbal IQ between children with and without dyslexia (*ps* \> 0.05). Regarding behavioral measures, children with dyslexia performed significantly worse than their age-matched peers on all of the reading and reading-related cognitive skills (*ps* \< 0.05). Finally, no significant difference was found in the head motion parameter between children with and without dyslexia (*p*\>0.05)

3.2. Group differences {#sec0100}
----------------------

Tractography success rates were higher than 95% on each segment of the arcuate fasciculus in both hemispheres, except for the right AF-direct, which could not be reconstructed in 5 participants, consistently with previous studies ([@bib0045]; [@bib0410]). The tractography success rate of the ventral tracts reached 100% in both hemispheres. [Fig. 1](#fig0005){ref-type="fig"} shows an example of fiber tracking in one participant.

In the ANCOVAs with diagnosis and sex as between-subject factors and age, whole brain mean FA and head motion parameter as covariates, significant diagnosis effects were found in two left-hemisphere tracts ([Table 2](#tbl0010){ref-type="table"}). One was the left arcuate fasciculus direct segment (AF-direct) (*F*(133) = 10.190, *p* = 0.003, *η~p~^2^* = 0.236), the other one was the left inferior longitudinal fasciculus (ILF) (*F*(133) = 10.760, *p* = 0.002, *η~p~^2^* = 0.246). Significant lower fractional anisotropy was found in children with dyslexia relative to control children in these two tracts ([Fig. 2](#fig0010){ref-type="fig"}). Those results survived the FDR correction (*ps* \< *q* = 0.010). In addition, neither sex effects nor sex by diagnosis interactions were observed ([Table 2](#tbl0010){ref-type="table"}).Table 2FA comparisons between control children and children with dyslexia on bilateral ventral and dorsal tracts.Table 2Tracts[a](#tblfn0005){ref-type="table-fn"}ControlDyslexiaDiagnosis effectSex effectInteraction effectMean (S.D.)Mean (S.D.)*F* (*p* value)^b^*F* (*p* value)*F* (*p* value)**Left hemisphere**AF-anterior0.439(0.021)0.426(0.036)2.583(0.118)0.475(0.496)2.243(0.144)AF-posterior0.480(0.025)0.482(0.019)0.251(0.620)0.174(0.680)0.013(0.909)AF-direct0.512(0.020)0.495(0.028)10.190\*\***(0.003)**0.280(0.600)0.234(0.632)IFOF0.525(0.018)0.519(0.021)1.673(0.205)0.024(0.879)0.709(0.406)ILF0.510(0.020)0.488(0.026)10.760\*\***(0.002)**0.013(0.909)2.468(0.126)  **Right hemisphere**AF-anterior0.467(0.018)0.472(0.019)0.948(0.337)0.225(0.638)1.765(0.193)AF-posterior0.468(0.023)0.468(0.018)0.085(0.772)0.208(0.652)3.519(0.070)AF-direct0.488(0.027)0.485(0.032)0.004(0.949)3.944(0.057)0.941(0.340)IFOF0.510(0.017)0.506(0.023)1.369(0.250)0.713(0.404)0.029(0.865)ILF0.495(0.017)0.488(0.020)1.916(0.176)0.730(0.399)0.241(0.627)[^2][^3]Fig. 2FA values of the white matter tracts between children with and without dyslexia.Group comparisons of mean fractional anisotropy (FA) of each tract in the left (A) and right (B) hemisphere. Error bars represent ± 1 standard error of the mean, \**p* \< 0.05, \*\**p* \< 0.01.Fig. 2

To help interpret the diagnosis effects on the left AF-direct and the left ILF, we calculated the other two diffusivity measures, axial diffusivity (AD) and radial diffusivity (RD), and compared them between children with and without dyslexia (Tables S1 and S2).Significant lower AD was found in children with dyslexia relative to typical readers in the left AF-direct (*F*(133) = 5.845, *p* = 0.021, *η~p~^2^* = 0.150) and the left ILF (*F*(133) = 7.733, *p* = 0.009, *η~p~^2^* = 0.190). Interestingly, a significant diagnosis by sex interaction was found in the AD of the left ILF (*F*(133) = 6.129, *p* = 0.019, *η~p~^2^* = 0.157). Further analysis showed that there was no difference between children with and without dyslexia in boys (*F*(117) = 0.192, *p* = 0.666), while the difference was significant in girls (*F*(113) = 9.254, *p* = 0.009), with girls with dyslexia having lower AD than normal-reading ones. This interaction pattern is shown in Fig. S1. Significantly higher RD was found in children with dyslexia relative to typical readers in the left AF-direct (*F*(133) = 6.293, *p* = 0.017, *η~p~^2^* = 0.160) and the left ILF (*F*(133) = 10.523, *p* = 0.003, *η~p~^2^* = 0.242).

3.3. Correlations between neuroanatomical and behavioral measures {#sec0105}
-----------------------------------------------------------------

In order to clarify the relationship between the disrupted tracts and reading-related behavioral measures, partial correlation analyses were run between the FA of the two target tracts and behavioral measures, controlling for age, sex, whole brain mean FA and head motion parameters. [Table 3](#tbl0015){ref-type="table"} shows that better character recognition was associated with an increased FA in both the left AF-direct and left ILF. At the underlying cognitive level, the FA of the left AF-direct was positively correlated with phoneme deletion, RAN and digit recall (*p*s\<0.05). Regarding the left ILF, significant correlations were found with morphological production (*r* = 0.513, *p* = 0.001) and digit recall (*r* = 0.420, *p* = 0.012). After FDR correction for multiple tests, all correlations remained significant (*ps* \< *q* = 0.029). No other significant correlation was found (*ps*\>0.05). We then computed correlations within groups: similar trends of a stronger relationship between AF-direct and phonological skills, and between ILF and morphological skills were found in children with dyslexia, albeit non-significant in this reduced dataset (Table S3). No correlation approached significance within the control group.Table 3Partial correlations between the FA of left AF-direct, left ILF and behavioral measures controlling for age, sex, whole brain mean FA and head motion parameter.Table 3CRPDRANDigitLDMPAF-direct*r*0.407\*0.392\*−0.435\*\*0.462\*\*0.2370.194*p***0.0140.0180.0080.005**0.1780.256ILF*r*0.465\*\*0.097−0.1270.420\*−0.0840.513\*\*　*p***0.004**0.5750.460**0.012**0.637**0.001**[^4]

In order to clarify the role of the left AF-direct and the left ILF in phonological vs. morphological processing, we carried out hierarchical linear regression analyses ([Table 4](#tbl0020){ref-type="table"}) of the FA of the two tracts with age, sex, whole brain mean FA and head motion parameter included in the first step. To exclude the control the contribution of group differences on the dependent variables, we entered diagnosis in the second step. Finally, phonological processing skill (composite standard score of phoneme deletion, RAN and digit recall) and morphological skill (standard score of morphological production) were entered in the third step. A factor analysis yielding a single component and explaining 64.73% of the variance confirmed that a composite phonological score was legitimate.Table 4Hierarchical regression models using control variables and cognitive skills to predict the FA of the left arcuate fasciculus-direct and the left inferior longitudinal fasciculus.Table 4Left AF-directLeft ILFStepΔ*R*^2^*Beta*Δ*R*^2^*Beta***1Control variables**0.1540.133Age−0.084−0.210Sex0.013−0.026Whole brain mean FA0.1250.356\*Head motion parameter0.463\*\*−0.036**2Group variable**0.180\*\*0.189\*\*Diagnosis−0.408\*−0.267**3Cognitive variables**0.150\*0.083Phonological processing0.563\*\*−0.130Morphological processing−0.3600.421\*[^5]

It was found that when control and group variables were statistically controlled, phonological skill remained a significant predictor of the FA of left AF-direct (*β* = 0.563, *p* = 0.006), while morphological skill remained significantly associated with the FA of left ILF (*β* = 0.421, *p* = 0.048). [Fig. 3](#fig0015){ref-type="fig"} illustrates this dissociation. The scatterplots show that phonological scores are positively correlated with the FA of the left AF-direct (*r* = 0.368, *p* = 0.021), while morphological scores are positively correlated with the FA of the left ILF (*r* = 0.333, *p* = 0.038).Fig. 3Partial correlations between the FA of the left dorsal and ventral tracts and phonological and morphological processing skills, controlling for age, sex, whole brain mean FA, head motion parameter and group. (A) Correlation between the FA of AF-direct and phonological processing skill; (B) Correlation between the FA of ILF and morphological processing skill. Red or orange dots represent control participants, grey dots represent children with dyslexia (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Note: The brain figure in the middle was produced from a representative participant (sagittal view in the left hemisphere). Different tracts are displayed with different colors: red = arcuate fasciculus-direct (AF-direct), orange = inferior longitudinal fasciculus (ILF).Fig. 3

4. Discussion {#sec0110}
=============

By applying state-of-the-art white matter tractography analysis in each individual's native space, the present study investigated the integrity of 5 reading-related tracts in the dorsal and ventral pathways of each hemisphere in a sample of Chinese children with and without dyslexia. Children with dyslexia showed significantly reduced fractional anisotropy in the left dorsal pathway, namely the arcuate fasciculus-direct (AF-direct), and in the left ventral pathway, namely the inferior longitudinal fasciculus (ILF). Further correlation analyses revealed a functional dissociation between left AF-direct and ILF: the AF-direct was associated with phonological processing skills (phoneme deletion, rapid automatized naming, digit recall), while the ILF was associated with morphological processing skill. Finally, a diagnosis by sex interaction was observed in the axial diffusivity of the left inferior longitudinal fasciculus, due to differences in girls only.

4.1. Fiber tract disruptions in Chinese children with dyslexia {#sec0115}
--------------------------------------------------------------

The finding of the left AF and left ILF may support a double-pathway deficit hypothesis in Chinese dyslexia. On the one hand, the differences observed in the left AF are consistent with a series of previous DTI studies using either VBA analysis ([@bib0040]; [@bib0080]; [@bib0150]; [@bib0285]; [@bib0335]) or tractography analysis ([@bib0350]). The finding of a disrupted left arcuate fasciculus in Chinese children with dyslexia suggests that this dorsal pathway plays a similar role in reading acquisition and in dyslexia in Chinese as in alphabetic languages.

On the other hand, the finding of a reduced fractional anisotropy in the left ILF for children with dyslexia is more novel. Some studies have suggested a role for the left ILF in reading alphabetic languages ([@bib0085]; [@bib0155]; [@bib0205]; [@bib0295]; [@bib0405]; [@bib0420]). These studies were either in brain-lesioned patients ([@bib0085]; [@bib0420]) or in participants with a wide range of reading skills ([@bib0155]; [@bib0405]). Only two studies were specifically in children with dyslexia: Rollins et al.\'s (2009) study was in children with dyslexia (n = 18) with a wide age range (6--16 years) and they found that FA values of the ILF in the dyslexia group were higher than those in the control group, up to around 11 years of age. In [@bib0205] study, they reported a positive correlation between ILF FA and reading comprehension in poor readers, while word reading was unrelated to white matter integrity in either group. Thus, the observation of a reduced fractional anisotropy in the left ILF in children with dyslexia in the present study does not seem to be the same result as in previous studies in alphabetical languages.

To our knowledge, there have only been two previous studies exploring developmental aspects of white matter microstructure in China, in a population of normally developing children ([@bib0250], [@bib0255]). Thus it is of great value to further explore to what extent white matter pathways may differ between Chinese children with and without dyslexia. In the present study, we found white matter disruptions in the left dorsal pathway (AF-direct) and in the left ventral pathway (ILF), with reduced FA in children with dyslexia. Similar group differences observed in axial diffusivity (AD) and radial diffusivity (RD) suggested that AD was reduced and RD was increased. Unfortunately, this does not allow us to unambiguously attribute the reduced FA in children with dyslexia to a single specific factor, whether reduced myelination, axonal density or diameter, etc., but rather suggests a multifaceted disruption of white matter.

4.2. Functional dissociation between AF and ILF {#sec0120}
-----------------------------------------------

Consistent with our hypothesis, we found a functional dissociation between the left dorsal (AF-direct) and ventral (ILF) pathways. FA values along the left AF-direct were correlated with phonological processing skills, whose role is thought to hold in all languages. In contrast, FA values along the left ILF were correlated with the more Chinese-specific morphological processing skill. The dissociation remained even after inclusion of diagnosis and other control variables in the regression ([Table 4](#tbl0020){ref-type="table"}, [Fig. 3](#fig0015){ref-type="fig"}). This suggests that this functional dissociation is not simply a product of group differences.

The location of the AF-direct overlapped with the dorsal phonological route proposed in previous fMRI studies ([@bib0305]). This is also consistent with a number of previous DTI studies showing associations between the arcuate fasciculus and phonological processing skills ([@bib0285]; [@bib0335]; [@bib0350]; [@bib0410]). This suggests that Chinese phonological processing has at least partly the same brain basis (the left arcuate fasciculus) as in alphabetic languages.

In contrast, the FA of the left ILF was positively correlated with morphological processing skill after controlling for age, sex and whole-brain mean FA. A study on pure alexic patients suggested that the left ILF might serve as a route to transfer primary visual input to the Visual Word Form Area (VWFA), and that it may be correlated with orthographical processing skills ([@bib0085]). The correlation between the left ILF and morphological processing skill can be understood considering the nature of the task and of Chinese reading. In the morphological production task, children needed to recognize the target morpheme (e.g. ![](fx1.gif) hua1/ meaning "flower") orally presented in a compound word (e.g. ![](fx2.gif) hua1 cao3/ meaning "flowers and plants", with /hua1/ meaning "flower"), then produce 2 new words with the same target morpheme (e.g. ![](fx3.gif)/hua1 huan2/ meaning "floral hoop") and with a different morpheme (e.g. ![](fx4.gif)/hua1 fei4/ meaning "spending money", with /hua1/ meaning "spend"). Like phonological awareness tasks, the Chinese morphological production task can be performed purely orally, but performance can be greatly enhanced if one can access the orthography of the corresponding characters, thus accessing the visual word form area through the ILF. The task then requires doing further semantic manipulations, possibly involving more anterior parts of the temporal lobe, which have been found to be associated with language comprehension ([@bib0100]), further along the ILF.

4.3. Interaction between sex and dyslexia {#sec0125}
-----------------------------------------

The few studies on dyslexia that have paid attention to the sex factor have often found that the neural basis of dyslexia might differ between males and females ([@bib0010], [@bib0005];[@bib0090]; [@bib0125]; [@bib0265]). Using a subject-by-subject functionally guided approach, [@bib0010] found a similar sex by diagnosis interaction on the cortical thickness of the visual word form area, whereby girls with dyslexia differed from control girls, whereas no such difference was observed in boys. Until now, little is known about these sex effects on the reading related tracts. The present study found a similar diagnosis by sex interaction on the axial diffusivity (AD) of the left inferior longitudinal fasciculus. And the location of the left ILF may overlap with the occipitotemporal regions observed in [@bib0010] study. Thus the possibility that the neural basis of dyslexia may partly differ between boys and girls seems supported to some extent by our results. Nevertheless, the fact that we observed this interaction on axial diffusivity, but not on fractional anisotropy makes the interpretation of this result difficult, and a replication would be warranted before drawing conclusions.

4.4. Limitations {#sec0130}
----------------

The work presented here of course had some limitations. In particular, the sample size of the present study remains limited (22 controls and 18 children with dyslexia respectively), especially when dividing the sample into boys and girls. The small sample size may therefore impede the generalization of the results and reduce the power of statistical tests. Another limitation was the use of the DTI model, which was imposed by the sequence parameters. The DTI model has particular problems resolving fiber orientation in fiber-crossing regions, which particularly concerns the temporoparietal regions including the arcuate fasciculus. More advanced fiber reconstruction techniques (such as spherical deconvolution), requiring more stringent sequence parameters (b \> 1400 s/mm^2^), have shown that the DTI model may engender confusions between the AF and the superior longitudinal fasciculus ([@bib0425]) or the corpus callosum ([@bib0345]). Therefore, it will be important to replicate our observations using such advanced tractography methods to unambiguously confirm the involvement of the arcuate fasciculus.

4.5. Universality and specificity of dyslexia in Chinese {#sec0135}
--------------------------------------------------------

In conclusion, the present study on Chinese children revealed both what seems to be emerging as a universal characteristic of dyslexia, namely a disrupted integrity of the left direct segment of the arcuate fasciculus, and what may be a result more specific to Chinese, namely a disrupted integrity of the left inferior longitudinal fasciculus. As discussed by [@bib0440], such results do not necessarily challenge a unitary theory of dyslexia, they may rather reflect that there are both language-universal causes of dyslexia: the phonological deficit reflected in the disruption of the left AF ([@bib0350]); and more language-dependent causes of dyslexia, depending on the specific cognitive demands of each reading system. This may be the case for morphological deficits, reflected by the disruption in the left ILF, which may play a greater role in reading disability in a morphographic language such as Chinese than in alphabetic languages.

Conflict of interest {#sec0140}
====================

The authors declare no conflict of interest.

Appendix A. Supplementary data {#sec0150}
==============================

The following are Supplementary data to this article:

We thank all the children and their families for their collaboration in this study. We also thank Allyson Covello for her help in the visual correction of the tract dissection. This study was supported by the National Key Basic Research Program of China (2014CB846103), the Key Project of Philosophical and Social Science Foundation, ministry of education (11JZD041), the National Natural Science Foundation of China (31271082, 31500886, 31671126), the Fundamental Research Funds for the Central Universities (2017XTCX04), the Interdiscipline Research Funds of Beijing Normal University, the Agence Nationale de la Recherche (ANR--11--BSV4--014--01, ANR--10--LABX--0087 IEC and ANR--10--IDEX--0001--02 PSL\*), the China Scholarship Council, the China Postdoctoral Science Foundation Funded Project (2016M591098), and the NSFC--CNRS Joint Research Project Grant (31611130107).

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.dcn.2018.04.002>.

[^1]: *Note:* \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. Rapid automatized naming was calculated in time.

[^2]: *Note:* Age, whole brain mean FA and head motion parameter as covariates.

[^3]: AF = arcuate fasciculus, IFOF = Inferior fronto-occipital fasciculus, ILF = Inferior longitudinal fasciculus. b. *p* values were uncorrected, \**p* \< 0.05, \*\**p* \< 0.01, *p* values surviving FDR correction (*p* \< 0.010) were in bold.

[^4]: *Note:* AF-direct=arcuate fasciculus-direct; ILF = inferior longitudinal fasciculus; CR = character recognition; PD = phoneme deletion; RAN = rapid automatized naming; Digit = digit recall; LD = lexical decision; MP = morphological production. *p*-values are uncorrected, \**p* \< 0.05, \*\**p* \< 0.01, *p* values surviving FDR correction (*p* \< 0.029) are in bold.

[^5]: *Note:* \**p* \< 0.05, \*\**p* \< 0.01. Δ*R*^2^ is the *R*^2^ change at each hierarchical step; *Beta* is the standardized regression coefficient.
